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INVESTIGATION INTO THE MECHANISM OF FREEZE DRYING
Final Technical Report
INTRODUCTION

The work which has been carried out under this contract is divided
into three categories: measurements of the emissivity of beef, measurements
of the thermal conductivity of beef, and studies of the mechanism of freeze

drying.
1.0 PART I EMISSIVITY OF BEEF
1.1 CUMMARY

The total normal emissivity of lean beef, beef fat, and freeze dried
beef has been measured. For a temperature range of 66 F to ¥4 ®. the
emissivities of all substances varied between .73 and .78.

The instrument used for the measurements is described. The accuracy
of the instrument changes with temperature, but for the temperature range
used it is accurate within + 42%. ”

1.2 INTRCDUCTION

In calculating the heat transfer by radiation between different
surfaces, {t is necessary to know the temperatures, areas, and emissivities
of the surfaces. Although radiant heat transfer calculations are frequently
needed in various food processes involving beef, informstion concerning the
emissivity of beef hLas not previously been available.

Emissivities are difficult to mesasure, especially at low temperatures.
This is due to the fact that radiation fluxes from surfaces at low temp-
eratures are extremely small and consequently difficult to measure. For
this reason, experimental techniques which have been developed for use at
ihigh temperatures canno! be used in the low temperature range. Therefore,
special equipment hais been desigired and built to measure the total norme!
emissivity of meat at temperatures which are of interest in food processing.
The method of measuring emissivity described in this paper is similar to
the method described by Schmide (1)*.

* Numbers in parenthesis refer to references listed at the end of the
report,
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1.3 DESCRIPTION OF APPARATUS

1.3.1 General description. The apparatus (Fig. 1) used for measuring the

emissivity consistr of three major components: a detector; a reference
body; and a black body. The detector generates an emf which is dependent
on the difference between the radiant energy emitted by the reference
body and the energy emitted by eit her the black body or the sample. The
reference body serves as a radiant heat source of known magnitude. The
black body serves two purposes. During calibration, it is used as a
radtant heat source of known magnitude. When measuring the emissivity,
the sample holder is screwed into the black body, and the black body is
then used to control the temperature of the sample holder and the sample.
The temperature of the black body and the reference body is controlled by
circulating a liquid through the annular regions shown in Fig. 1.
1.3.2 The detector. A thermopile made from #36 B & S gauge chromel-
corstantan wire is used for a detector. The junctions of the thermopile
are connected to small copper disks and the entire unit is suspended inside
the cylinder as shown in Fig. 2. The outside surfaces of the disks are
covered with a lampblack-waterglass coating so that they will absorb most
of the incident radiation,

The radiant energy reaching the two collector disks is limited to
that which can reach it through two equal solid angles ) (see Fig. 2).
One end of the detector receives radiant energy from the sample ard the
other end receives radiant energy from the reference body. The detector
is suspended inside the reference body by a copper support that also
serves the purpose of maintaining the temperature of the detector at the
same level as that of the reference body.
1.3.3 The reference body. The reference body consists of a hollow cyliade
surrounded by an annular region through which a liquid flows. The tempera’
of the reference body is controlled by varying the tempe.ature of the liqui
The inner cylinder is made out of 4 in. ID copper pipe with .250 in. thick
walls and is approximately 11 in. lung. An 8N thread (8 threads per inch)
has been turned on the inside of the cylinder. The bottom of the cylinder
is made of 3/8 in. copper place. A spiral has been cut on the inside face

S —r— - - ——————— 2 3 -



- N

of the plate to produce a surface similar to the surface of the cylinder
walls, The bottom is brazed to the inside cylinder to insure good heat
transfer and a uniform temperature, All inside surfaces are painted with
a lampblack-waterglass coating. The outside cylinder is made out of 5 in.
brass pipe with .250 in. walls. Bsffles are placed between the inner and
the outer cylinder walls to guide the coolant and thus insure uniform
temperature. The entire assembly is insulated and enclosed in a wooden
box to minimize heat losses. The temperature of the inside cylinder is
measured by thermocouples at the center of the bottom plate and at a

point near the open end. The temperature distribution of the reference
body is uniform once steady state conditions are reached.

1.3.4 Black body. The black body is constructed in the same manner

as the reference body except that the inside cylinder is approximately

20 in. long. The black body serves two purposes, 1Ir the first place,

it serves as a black body; i.e., as a stindard of radiation. Secondly,

it serves to control the temperature of the sample. That 1is, it cools

or warms the senple holder which in turn keeps the sample at any desired
temperature. The sample holder is made of copper and is screwed into

the black body to provide intimate thermal contact with the black body.
The meat sample is placed inside thes sample holder and is {n contact with
the copper holder along the edges and the bottom. With this arrangement
it is possible to maintain a uniform sample temperature. To make sure
that the detector "sees™ only the sample, the geometry is arranged so
that only the center portion of the sample is visible to the detector.

The temperature of the meat is measured with fine thermocouples threaded
in the msat and located just below the surface. When the sample holder

1s unscreved, the detector 19 able to “see™ the inside surfsces of the
cylinder vhich can then be used for calibration purposes. The taemperature
of the black body {s msasured by a thermocouple in the center of the bottom
disk and another one about half way up the ¢ylinder wall. An analysis
similar to the ores described Ly Buckley (2) and Dawe (3) and Rossman (4)
shows that the apparent emissivity of the black body is greater than .9976.

1.4 THEORETICAL ANALYSIS

The primary mode of heat transfer to the detector disks is radiation.

.3.
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FPor this type of measurement Schmidt (1) and Snyder et al (5) show that
the emissivity of the sample can be caluclated from the relation

€ = EC 1)

where E is the output of the detector, C is a calibration constant, Ts
and Tr are the absolute temperatures of the sample and reference bodies
respectively.,

In order to determine the calibration constant C, the sample is
removed so that the detector has a direct view of the black body. Thus,
with this arrangement €g ™ 1, and from Eq. 1,

4 4
C= (Tb - Tr) /E (2)

where 'I‘b is the absolute temperature cf the black body. It is inter-
esting to note that if the black body and the sample are at the same
temperature, and if the temperature of the reference body is constant,
then the emissivity is given by

4
., = i!!!ﬂlf 3)
black body

vhere l. R is the output of the detector with the sanple in place,

is the output of the detector with the black body in

ampl

and 'black body
place.

1.5 EXPERIMENTAL PROCERDURE

Equation 1 shows that the emissivity of any sample can be determined
from knowledge of the output of the detector, the temperature of the
sample, the temperature of the reference body, and the constant C. The
constant C i{s neasured by placing the black body under the open end of
the reference body. The heating and cooling liquids are then pumped
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through the apparatus and once steady state conditions are reached, the
temperatures of the reference and black bodies are measured, and the output
of the detector is measured with a galvanometer. The value of C can be
determined from Eq. 2. Once the constant C is determined, the sample
holder is screwed into the black body and the sample is placed inside
the sample holder. After steady tate conditions are established, the
thermopile output and the temperatures of the reference body and the
sample are measured. From this data, the emissivity can be determined
using Eq. ..

All meat and fat samples are cut with a hack-saw from a large
frozen piece of beef. The samples are cut in a direction normal to
the fibers. The surfaces are scraped clean and the samples are thawed.
The samples are 3.5 in. iu diameter and 0.5 in. thick. The temperatures
of the samples are measured with two #36 B & S gauge copper-constantan
thermocouples, one in the center of the sample and one near its edge.
The thermocouples are threaded through the meat and fat samples just
slightly below the surface in order to measure the actual surface
temperatures as closely as possible., Since the temperatures of the
reference and the black bodies are also mezsured by copper-constantan
thernocouples, all the thermocouples are connected to a common reference
junction which is kept at 32 P. Although these thermocouples are not
calibrated, they have been matched; that is, more thermocouples have
been made than are actually required, and only those that give the same
reading for one particular condition have been selected.

1.6 RESULTS

The value of the constant C was mesasured at various temperastures
and was found to equal 1.03. To test the accuracy, the emissivity of
a thick lawpblack-waterglass coat on brass and the emissivity of
asbestos paper was measured. The values measured are compared to
measurements reported by Schmidt (1) and McAdams (6) (see Pig. 3).
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The emissivity of the following meat and fat samples have been
measured.

a. Three samples of lean beef at approximately 94 F.

b. Two samples of leun beef at approxinately 70 P,

c. One sample of lean beef at approximately 80 F.

d. Two samples of freeze-dried lean beef at approximately
66 F. These samples were freeze-dried lor over 48 hours
until no further loss of weight occurred.

e. Two samples of beef fat at approximately 94 F.

f. Two sampies of beef fat at approxiritely 70 F.

All beef samples were 69.57%7 moisture. The emissivity has been determinec
for the temperature range of 65 to 100 F for the following reasons. The
lower limit of 65 F is set by the instrument; below this temperature,
condensation of vapor on the detector starts to influence its output.

The upper limit of 100 F is set by the simples because above this temp-
erature, the samples start to lose surface moisture very rapidly. When
this happens, the surface of the sample becomes very tough and dry-lookin,
The emissivity of freeze-dried meat is determined only at 70 F because

at higher temperatures large temperature gradients occur across the
sample. This is attributed to the difficulty of maintaining good thermal
contact between the freeze-dried sample and the sample holder. The
experimental results are given in Fig. 3.

1.7 CONCLUSIONS

As seen from Pig. 3, the emissivity of lampblack-watergluis and 'he
emissivity of the asbestos paper as determined by this investigation is
within about 2% of the published data.

It is interesting to note that within the temperature range studied,
the emissivity of both meat and fat decrease with increasing temperature.
This variation of emissivity with temperature also occurs with wood and

most non-conducting solids,
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The fat and meat samples started to lose a considerable amount of
moisture when measurements were made at temperatures above about 100 P,
After a period of time, the surface would apperar dry and tough. To
determine what effect, if any, the dry surface has on the emissivity
of the sample, one mea: sample was left in the apperatus longer than
any other sampie (2 1/2 hours). This sample had a tough, dry-looking
surface for approximately an hour toward the end of the run, yet no
difference in emissivity was observed. This seems to indicate that
drying of the surface has very little effect on the emissivity. This
observation is substantiated by noting that the emissivity of freeze-
dried meat is roughly the samne as the emissivity of fresh meat (see Fig. 3).

An error analysis based on a method developed by Kline and McClintock
(7) shows that the maximum possible error for a single measurement is
zbout + 4%. However, since the experimental measurements fall within
+ 2% of the average measured values, and since the measurements of
asbestos and lampblack-waterglass fall within 2% of other published
data, it is the opinion of the writers that the mean values of the

results given in Fig. 3 are accurate to within + 2%.
2,0 PART II THERMAL CONDUCTIVITY OF BEEF

2.1 SUMMARY

Measurements of the thermsl conductivity of beef muscle are
presented and compared with published results. The meat samples are
taken from an eye of loin, U. 8. Good grade. The results apply for
heat flow parallel to the grain of the samples. The error of the measure-
mente i. estimated to be less than + 2.75% of the reported values.

A mcd 'l is presented which provides a rough estimate of the thermal
conductivity of beef for temperatures between O and 22 P and for moisture
content hetween 60 and 80X..

2.2 INTRODUCTION

Knowledge of the thermal conductivity of food substances is essential

-7-
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in order to make analytical studies of transient processes in which such
substances are heated, cooled, or dehydrated. Analytical studies of
this type sre usefui for obtaining the optimum design of equipment used
for heating, freezing, freeze drying and other methods of dehydrating
foed products. There are very fev substances that undergo transient
thermal processes as frequently and on as jlarge & scale as beef; there-
fore, it {s most surprising that very little is known about the tiiermal
conductivity of beef. One object of this report is to present the
results of recent measuremwents of the thermal conductivity of beef and
to present a method whereby the thermal conductivity of beef can be
estimated for conditions not measured.

The thermal conductivity of beef has been shown to depend on
temperature; moisture conteat; directio of heat transfer with resoect
to the fiber; and for dehydrated beef, the thermal conductivity also
depends on pressure, Although these factors can have a large influence
on the thermal conductivity, several early investigators failed to
specify them. A summary of thermal conductivity measurements of beef
wvhich have been reported by other investigators is given in Table 1. A
more complete summary, covering the specific heat and thermal conrductivity
of beef and other meats is presented by Miller (14).

2.3 APPARATUS

The measurements of thermal conductivity which are given in this
report were made with a guarded hot plate which is similar to a hot
plate used by the National Bureau of Standards (15). Basically, the ht
plate assembly is comprised of two cooling plates and a heater. Two
samples are placed in the assembly as shown in Fig. 4. With this arrange-
ment, an eJual amount of hear delivered by the heater is conducted through
each sample,

The heater plate is made up of two separate units, a primary heater
and a guard heater. The primary heater is centrally located and provides
the heat fiux which {8 used to calculate the thermal conductivity from
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/bery & Griffiths (8)
irdy & Soderstrom (9)

ippel, et al, (10)

erneeva (11)

irper (12)

rtz (13)

Table 1

Thermal Conductivity of Beef

Material

Beef

Beef Muscle
Beef Fat

Beef

Beef, lean

Beef, fat

Beef fat

Beef Muscle
Atmos,

Beef Muscle
.01 mm Hg

Beef, lean
flank, 3.4%
fat

Beef, l2an

8irloin,0.9%

fat

Beef, . der
fat, 8¢ . fat

Press.

% Moisture

78.5

74.5

Freeze
Dried

Freeze
Dried

74

75

9

Direction of Temp,
heat flow with F
respect to the
fiber direction
-200
Perpandicular 32
Perpendicular 23
Perpendiculer 14
Perpendicnlar -4
Perpendicular 32
Perpendicular 23
Perpendicular 14
Perpendicular -4
32
23
14
-4
Parallel 58
Perallel 58
Perpendicular 32
Perpendicular 23
Perpendicular 14
Perpendicular -4
Parallel 32
Parallel 23
Parallel 14
Parallel -4
23
14

Conduc-
tivit
Btu/hr

ft O F

.395

114
.118

.130

277
.612
«779
.907

.277
«537
.692
.827

.118
.122
«:31
141

.0375
.0216

.280
. 588
.616
675

284
o742
«792
« 904

«166
. 148
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axpe~ wental data. The guard heater surrounds the primary heater; the
two ..ters are jeparated by a 1/8 inch air gap. The power input to
each heater is adjusted so that theve is a negligible temperature
difference across the gap; therefore, the edge hest loss from the
primary heater is negligible. The temperature difference be*ween the
primary and guard heaters i{s measured by a 32 junction thermopile, which
is made from 30 BS gage chromel and constantan wire. Chromel-constantan
wires are used bhecause this combination gives a higher emf than cther
common thermocouple materials.

The cooling plates consist of copper tubing labyrinths which are
soldered to 1/4 inch copper plates; solder is built up around the
tubing to provide good thermal contact. A mixture of ethylene glycol
ancd water from a constant temperature bath is pumped through the tubing
at about sne gallon per minute.

Because thermistors are more sensitive than thermocouples, they

are used to mcasure the temperature of the hot and cold piates.
2.4 PROCEDURE

The beef sam~les for this investigation are taken from the eve
of loin, U. 3. Goo:l grade. The meat as delivered is freshly cut, and
then it is aged for two weeks in a high humidity room at 36 F. The
samples are frozen in a home freezer; the samples are not permitted
to thaw, except the samples used to measure the conductivity above the
freezing point. No measurements are taken ca refrozen samples. The
samples are weighed to determine losses in moisture during storage aad
testing. For this investigation there is no measurable loss of moisture.
At the conclusion of the tests, the moisture content of each sample
i{s determined by freaze drying. The samples are considered dry when
there is no change in weight over an 8 hour period.

Due to the large size of the primary heating area, it is necessary
to piece the samples together from four or five smaller pieces. The
fiber of the meat is aligned so that the thermul conductivity {is
measured with heat flow parallel to the fiber. The samples are then

~10-
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fruzen and run through a planer tou produce a flat surface.

The samples are thea placed in the Lot plate apparatus with the
surfaces of the hot and cold plates wetted to provide good thermal
contact. Furthermore, in order to minimize thermal contact resistances,
a compressive force is applied to the samples by tightening four corner
bolts between the tcp and bottom cold platee,

After the samples are in place, the apparatus is covered with
two inches of fiber glass insulation as required by ASTM Designation
Cl177-45T (15). The ambient air temperaturz 1is lowered by placing
dry ice in Lhe enclosure containing the hot plate assembly. The
gmbient air temperature is usually a fcw degrees above the temperature
of the cold plates.

For each measurement, after sready-state conditions are obtained,
readings are taken ct half hour intervais over a four hour period. The
thermal conductivity of a test is then calculated by averaging the
conductivities given by the eight sets of resdings. At ieast two tests
are p:rformed for each mean temperiture; more tests are »un it the
results differ by more thai 1 2. The reported thermal conductivity is

then calculated by averaging the results of two or more tests.
2.5 EXPERIMENTAL ACCURACY

An analysis of the experimental accuracy shows that the error in
the results is less than ¢ 2,7% of the reported values. The magnitude
of the error i{s determined by analyzing instrumesnt errers, errors due
to small temperature unhalances between the guard and primary heaters,
snd errors resulting from assuming that the hot and cola plates rep-
resent isothermal surfaces.

The total instrument errer is the sum of the errors in measuring
the sample thickness, the primary heater area, the heat flux through
the sample, and the temperature difference across the sample. An out-
line of the procedure used in determining the instrument error follows.

The thermal conductivity (k) is calculated from Pourier's law for
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heat transfer (q) through a slab of area A and thickness AX. Thus

1€=*%2‘$-' “)

Where AT is the temperature d4ifference across the slab. From Ea. &

it can be seen that

-&_ = r(Q)A'AX,AT)

Difterentiating,
-éﬁ d AX £

dh =2 dg #fis Sax) 4 & dA L ZE d(aT
Where

ﬁ 2 = _(Qﬂ _a.ﬂ. - (‘ X)

89 ~ TAtar) SA T Aary

af .. _9 _2f_ = ax)

d(ax)~  acam 5%;) Ai'((a_fv

Now by letting the differentiuls dk, dq, d (AX), dA and d (AT) take on
small increwental values & # .68 , 6 (EN) »& (A), and§(at)respactively
and dividing the left hand side by k and the right hand by =~ Aﬁ T
it cun be shown that

MAximom Sesod s ¢ [‘%ﬂ., ,/%C:ILI, ,a‘,’,,’j#.ﬂﬂ (5)

Woodeide and Wilson (16) show that the magnitude of the error in
the thermal cunductivity due to small temperature unbalances between

primary and guard heaters can be expressed by:

Gogr B (E-0)

That is, the error in the conductivity measurement is a function of the

temperature unbalance (@), the temperature difference between hot and

-12-




cold plates, the sample thichkness, the sample conductivity, and two
plate constants (qo) and (C). The plute constants are determined
experimently and drpend upon the size and design of the heater plate.

The plate constants for the heater plate used in this investigation

are g, # 0.30 %’.‘ and C = 4.24 ft.

The errcr in assuming that the hot and cold plates represent
isothermal surfaces is determined by estimating the maximum temperature
deviation from the mean temperature of the surface. 1f the thermistors
on the hot and cold plates are located so that they measure this max-
imum deviation from the mean temperature, the maximum error is realized
in measuring the temperature across the sample.

An error can result from the thermal contact resistances between
the samples and the hot and cold plates. For example, an air gap of
0.024 inches causes an errorv of 1% This error is minimized >y wetting
the surfaces of the hot and cold plates and by applying a compressive
force to the samples in the apparatus.

From the above analysis it can be shown that for the experiments
reported, the instrument errors total 2.25%, the unbalance error is
0.16%, ~nd the error in assuming that the hot aru cold plates are
isothermal surfaces is 0.34%. The sum of these errors is (¢) 2.75%.

As an additional check of the accuracy, msasurements of the thermal
conductivity of two samples of known thermal conductivity are compared
vwith measurements made elsewhere. The first sample, Foamglas* is
furnished by the Pittsburgh Corning Corporation and is reported to
have a thermal conductivity of 0.39% B/hr.£¢.°7. The second sanple,

a semi-rigid glass fiberbor 4 furniehed by the National Buresu of
Standards, is reported to have a thermal conductivity of 0.214 # 2%
B/hr.£ft.°F. The values of thermal conductivity msasured in this inves-
tigation agree within 0.5% and 1.35% with the values given above for
Foamglas and fiberboard samples respeccively,

* Foamglas is the trade name for a rigid cellular glass insulation.

-13-
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From the analysis presented, it can be concluded that the experimental
results are within + 2.75% of the actual value. From the results of
the measurements of the thermal conductivity of Foamglas and fiberboard,
it is ver, likely that the error is less than + 2.75% 1In fact, it is
possible that the experimental error is within + 1% of the reported

measuremants.
2.6 RESULTS AND EXTROPLATION OF RESULTS

Figure 5 shows the experimental results of this investigation for
the thermal conductivity of beef muscle. The sample is aligned so that
the heat flow is parallel to the fiber of the meat; the moisture con-
tent of the meat is 69.5% Above the freezing point, the conductivity
increases with an increase in tenperature. Below freezing, the con-
ductivity varies inversely with temperature. This variation of thermal
conductivity with temperature follows the same trend as the thermal
conductivity of ice and water,

Between 22 and 32 P, the experimental data is not conclusive
because in this range the percentage of meat frozen vaties with temp-
erature. More reliable data in this range could be obtained by using
small temperature differences between the primary and guard heaters in
order to minimise variations of thermal conductivity throughout the
sample. It should be noted, however, that the accuracy of tnhe hot plate
decreases when the temperature difference betwee: the hot and cold plates
1s lowered. It is estimated that at about 31 F the amount of moisture
frozen and hence also the thermal conductivity vary abruptly with temp-
srature,

The data presonted by Lentz (13) is also given in Fig. 5. His
results are higher than the restvlts of this investigation; this may be
attributed to the higher moisture content (75%) of his samples.

In order to extr«polate the experimental results of the thermal

conductivity of beef muscle for different moisture content, the model

-14-
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shown in Pig. 6 can be used. The model is made up of fibers arranged
parallel and normal to the heat flow path; the remaining space is
assumed to be filled with water or ice. The model has three parallel
paths for heat transfer. The first path is composed only of fibers;

the second path is water (or ice); the third path i{s a sc’ies arrange-
ment of water (or ice) and fibers. It is assumed that no energy crosses
the boundaries between the paths and that heat is transferred only by
thermal conduction. The equivalent electricel circuit of the three
paths is shown in Fig. 7.

Consider an area equel to Pz which lies in a plane perpendicular
to the direction of heat transfer (see Fig. 6). If the totil sample
thickness is AX, the thickness of each layer of fibers (P} equals
_A#X_ » where N 1is the number of fiber layers. The temperature
drop across each layer of fibers {is .ﬁI » where AT is the temper-
ature difference across the sample. The rate of heat conduction

through the fibers (ql) is given by
4, = kd(2p-d) AL

wvhere kf is the thermal conductivity of the Jibers. The rate of heat

conduction through the water and/or ice (qz) is

G = A [(P-d)t-2d(p-)) f] s 4, [Pt ono2d] gL

where k,, is the thermal conductivity of the water or ice. The ra“e of
heat conduction through the water snd/or ice in series with the fiber
is given by

9y = Ao [24(P-a)] 4

«15-
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The apparent tiiermal conductivity, ka' is given by

.7€“ - 9 +32* 933

L > 2
Therefore, it follows that

A-d[o #-(8)+ & [1-eg+ 3047 ]

L, kA [ g -r4)]
£ A t(v-g) A

The volume of one of the cubes ( V,r ) of the model 1is given by the
sum of the fiber volume ( Vf ) and the water volume ( V" ). That {is,

)

Vrn\(’ +%‘P‘

Prom Fig. 6 it can be seen that P
2 H _ d
G« 2dPt- 4 dPP -9

Since d is very small compared with P, the last term of the previous
equation can be neglected. Therefore,

+ - 2-//_-7

The negative sign must be used in front of the square root because d_
is slwvays less than one. P

Sinze the density of fresh meat (63 7#') ) is nearly equal to
the density of the fiber shown in the model (é+#.2 ky), they are

éssumed equal. The ratio d can then be expressed in terms of the total
P

(8)

—lr‘l

=16~




weight and the fiber weight,

4L =2-V4-2 7%

P

Results of calculations of the thermal conductivity based on the
model are compared with experimental data for meat with 69.5% and 75%
water (see Pig. 5). Harper end Chichester{l2) report the thermal con-
ductivity of meat fiber to be 0.0216—;5;%?' P; in this report, the
thermal conductivity of the fiber is assumed to be independent of
temperature. The moisture in the meat is assumed to be a 0.28 M srlt
solution. The variation of thermal conductivity with temperature of
& 0.25 M salt solution has been reported by Long (17) and is shown
in Pig. 5.

Between OF &nd 22F, the thermal conductivity calculated by using
the model is in close agreement with experimental reiults for beef
with 69.5% moisture. The largest deviation from experimental data
occurs in the freezing range where the apparent conductivity of the
model is less than the measured values. Above freezing, the experimental
results are lower than the values predicted by the model.

For a moisture content of 75%, the values of tharmsl conductivity
predicted by the model are 111 lower than the mesasurerents made by
Lentz (13) for the temperature range O to 22F. Above freeszing, the
model indicates values of conductivity wvhich are 207 lower than meas-
ured values,

The model presented is useful only for predicting thermal conduct-
ivities parallel to the grain. The model is not applicable for meat
vhen the moisture content is less than 60%. As the moisture content
decreases, the ratio —% increases and the assumption that d is small
compared to P does not hold and equatiors (7) and (8) are no longer valid.
Purthermore, for a moisture content below 30%, the model predicts a value
of thermal conductivity which is negative.

In summary, the model is useful for predicting the thermal conduc-
tivity of beef in a direction parallel to the fiber and for beef with
a moisture content of 60% or higher.

-17-
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3.0 PART III THE MECHANISM OF FREEZE DRYING

3.1 SUMMARY

An analysis of the transfer of heat and vapor in a piece of meat
whicn is being freeze dried is presented. Analytical approximations
for the rate of drying are given and the results of an experimental
investigation cf the transient temperature and pressure distributions

during freeze dryiung are presented.
3.2 INTRODUCTION

Sublimation dryire or freeze drying, is a technique whereby a
moisture containiag sitbstance is frozen, placed in a low pressure
environment and the moisture is removed by sublination. When organic
substances are dehydrated in this manner, they display many properties
greatly superior to those dehydrated by conventional methods where the
moisture is driven off by heating at atmospheric pressure. A notable
result i{s that many foodstuffs when re-hydrated after sublimation
drying, compare favorably with those preserved by freezing. This
implies that during the low temperature removal of moisture, the evap-
oration of nbrnally volatile substances which contribute to the taste
and nourishment qualities of a product is arrested. Purther, since the
product is frosen into its original size and shape prior to and during
the moisture removal, the shrinkage effect, and hence appearance detccior-
ation, is minimal,

The great advantage of foodstuffs preserved by freeze-dehydration
over those preserved by freezing lies in the transportation and storcwe
consideration. Preeze dried foods require only vacuum packing and no
refrigeration, and becausc of the high moisture content of most foods,
there is a weight saving of 50 to 80 percent over frozen products.

To take advantage of these desirable properties of freeze dried

foodstuffs for commercial applications, it is necessary to know the

-18-
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mechanisms governing the process. The following text will discuss these
mechanisms as they are applied to beef muscle. The material is divided
into two parts; first, a mathematical analysis of the heat and vapor
transport; and second, experimental results.

Prior to discussing these two factors it will be advantageous to
delineate clearly the characterof the process to be considered, We
are concerned with the freeze drying of a semi-rigid organic substance,
namely teef muscle, which must be handled in bulk. When such a fibrous
material is frozen, small ice spears grow between the fibers compressing
and dehydrating them. Freeze drying of such a frozen product consists
primarily of subliming these ice spears and tranaporting the vapor and
out of the product.

To greatly simplify the drying process a one dimensicnal model is
considered. The model, shown in Fig. 8, consists of & sample placed in
a low pressure environment with heat for sublimation added by a radiating
heater., 1t is apparent that except in the earliest steages of drying,
heat and vapor transport must take place in opposite directions through
a vall of dried product. The drying process can then be visualized as
the motion of a subliming front advancing into the froszen material
leaving dried material in its wake, through which both the heat of ub-
limation and the evolved vapor must be transported.

A complete description of the proposed model of a sublimation
drying process would incorporate biological considerations. It is
believed that an engineering study can be more useful if conducted
independently of biological factors insofar as they do not influence
the mechanisms of the process. If & comprehensive understanding of
the process from an engineering viewpoint can be developed, then the
necessary compromises with the biological factors can be made with a know-
ledge of their influence on the mechanics of the process. The following
analysis and Jescription of experimental work will be carried out in the
light of this predominantly mechanical model.
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3.3 ANALYSIS

3.3.1 General remarks

Before attempting an analysis in mathematical form, it is important
to have a clear concept of the variables involved and the results desired.
Referring tc Fig. 8, it may be seen that the velocity cof the subliming
interface through the frozen medium is the dependent variable of interest.
Thus, we are seeking an expression for this interface velocity, which
is proportional to the subliming rate. As shown by Harper and Tappel
(18), the independent variables are the temperature at the subliming
interface (defining the vapor pressure at the interface), the total
pressure, and the vapor pressure at the exterior surface of the dried
layer.

We must now place a restriction on one variable, namely, the inter -
face temperature. The surface of dried organic material, when nvec-
heated, tends to glaze and form a vapor impeding crust. Thus, there
is a maximum temperature to which the product surface may be raised.
Harper and Tappel (13) indicate that this temperature is about 100°
for beef muscle. 1In the interests of obtaining fast drying rates, the
heat rate must be maximized, and hencz the surface temperature must be
held as high as possibla but below the glazing temperature. We will
assume that this surface temperature is fixed at the optimum value,
thereby making the subliming interface temperature no longer independ-
ent but depeadent on the total and partial pressure at the product
surface.

Summarizing, we will consider the exterior surface temperature to
be constant at the optimum value and, hence, the interface velocity to
be dependent on the total pressure and the water vapor partial pressure
at the exterior surface.

The process is sufficiently slow that a reasonable approximate
snalysis may be obtained by considering it to be quasi-steady with

respect to transients in the temperature and prussure distributions.
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Therefore, in this report, steady state equations are used to describe
the heat and vapor fluxes at any particular time.

3.3.2 Heat transfer

The instantaneous rate of heat conduction per unit area at any

point in the dried layer is given by

q"- - K .g.’."'_ (9)

The term k 1s the thermal! conductivity of the dried meet with wster
vaocr uniformly distributed throughout its pores. If the transfer of
energy due to the moving vapor is neglected, and i1f the thermal cen-

ductivity is constant, then Eq. (9) can be iategrated to give

§ = L (7-7) (10)

where S is the distsnce between the free surface and the subliming
front, To and '1‘e are the temperatures at the free suriace and the sub-
liming surface respectively. Z2quation (10) giver a transiernt ncai
flux in terms of an assumed stcady state temperature distribution, in
accordance with our assumption of quasi-steady temperature and pressurr
distributions. The transient nature of Eq. {10) occurs because both
s and T' are dependent or time.

1t is {mportant to recognize that the thermal conductivity varies
both with temperature and the amnunt of water vapor present in the pores.
Furthermore, ice or water entrained in the tibers increase the thermal
conductivity, Another factor affecting heat transfer is the heat
exchange between the movirg vapor and the hot dried lattice., A simple
calculation shows that the ratio of the sensibls heat required to
raise the temperature of water vapor 120° F, to the latent heat of
sublimetion, is very small, In cthe absence of experimencal data to the
contrary, it is assumed that both effects are negligible and that Eq.
(1C) 1is valid.
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3.3.3 Vapor transport

The freeze-drying model illustratad in Fig. 8 lends itself to
being represented by & bundle of capillary tubes oriented parallel to
the heat and vapor fluxes. For normal freezing times of 1 to 2 hours,
Luyet (19) reports that the diameter of the chamnnels in freeze-dried
beef muscle is on an average 0.15 mm., He also reports that the cross-
sectional area of the channels is 72% of the total area. This deta
is used tc describe aur model as a bundle of capillary tubes of diameter
0.15 mm and porosity of 0.72. g

The following discussion is similar to the analysis given by
Harper and Tappel (18), where the vapor transport is considered as
taking place in three possible regimes.

(2) Diffusion.

(b) Hydrodynemic flow,

(c) Combined diffusion and hyrdodynamic flow.
(a) Diffusion

If no total pressure gradient exists between the subliming inter-
face and the exterior surface, the vapor efflux diffuses through a
stagnant jas and the dried fiber lattice. Under this condition, the
water vapor partial pressure gradient provides the driving force,

A good analysis of simultaneous vapor diffusion and heat transfor
in the same direction through a porous wall is given by Glaser (20).
He argues that the vapor pressure in the wall cannot exceed the satur-
ation pressure corresponding to the wall temperature because the lateral
pore dimension is insufficient to support such a pressure difference.
For the case of vapcr transport and heat transfer in opposite directions,
the pressure and temperature profiles must be divergent from the satur-
ation values, and Glaser would consider the mechanisms as independent.

Then the vapor flux per unit area (w) by diffusion is given Ly
p

Wl-;l%'gf (1)

Where D in the diffusion coefficient, Pw is the partial pressure of
the water vapor, R is the perfect gas constant, and t? is a resis-

tance of the dried layer to vapor diffusion. Assuming that the
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temperature gradient in the dried section is linear, and that thermal
equilibrium exists between the vapor and the !-ttice, Eq. (il) may be
integrated to give

o m — 2D . ( Pws = Puy \ a2
AR (T +73) S

Where Pws and Pwo are the partial pressures of the zubliming surface
and the free surface respectively, and S is the distance of the sub-
liming surface from the free surfice. In performing this integration,
it i3 assumed that D and are independent of partiai pressure.
(b) Hydrodynamic flow

To study the hydrodynami: flow regime, consider a capillaric
model previously described by Scheidegger (Z1). The Hagen-Poiseuille
equation for flow in a capillary tube s

-3-?- . — 32 /“a‘r/ (13)

where u is the viscosity V is the averags velocity of the vapor ard a

is the average capillary dismeter. If a unit urea of the dried layer

is comprised of n csapillaries, the vaper flux (w) is given by

T (14)

vhere © is the density of the vapor.
Combining Eq. (13) and (14) and using the perfect gas lav,

7 ap as)

Py
ws -7 a A
aF A& RT dx
Again assuming thermal equilibrium between the vaepor and the dried
lattice, and using the average temperature in Rq. (15),

-l o ;
v — & #? as
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Integrating from the exterior surface to the subliming interface and
recognizing that iu a dried lsyer of thickness S, the average length
of the capillaries may be t. the vapor flux itc¢ given by

- - NTa¥ / (b2 - p2 (15)
v~ 2B wmey e )

Using the definl*ion of porosity P

N7 a3
P =2 (§)
and aefining a tortuosity factor, f,

P - =

Equation (16) may be simplified to

w=-_1 gt _ﬁ_ ﬁ:ﬁ'_s L=t an
2 * {1 7o 7 7 3
The negati'e sign indicates that the vapor flux is in the negative
x direction. The porosity may be mesgsured readily while the tortuosity

factor, in spite ci being physically recognizable, is more nebulous ~hcr
it comes to measurement, The group %m Bq. (17) is immediately
identified as the average density of the vapor efflux.

The foregciag analysis has assumed that the vapor flux behaves as
a continuum, 1f the msan-free-path of the vapor mclecules ( A ) appruache
the order of magnitude of the capililary diameter, the collisions betwcen
the moleculees and the capillary walls cutnumber the intermoiecular ¢nli:-
sions, and this assumption is invalid. Knudsen has es.ablished a dimen-
sionless parameter to describe this effect,

a N
K, o
where Kh is the Knudsen number and d is a characteristic dimension which

in this case represents the averaze pore diameter. Knudsen used this

-2~
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parameter to delineate the transition from contimuum to free molecule
flow as follows:

Kn > 2 Free molecule flow

Kn £ .01 Continuum flow

2 > Kn .Ul Slip or transition flow
The transition flow regime is characterized by slip at the boundaries
of an essentially continuum type flow.

If a subliming interface temperature of -20° C is assumed and if
no total pressure gradient exists across the dried layer, the Knudsen
number ranges from .20 to .33. If the total pressure at the outer
surface is reduced to 10 microns of mercury, the Knudcen number ranges
from .2 to 30. Thus, the flow is at least partly in the tr&nsition and
free molecule regimes.

Knudsen's equation for free molecule flow in a bundle of capillaries
is

W= -2 n/Z7 A (&) a /-?e(‘r';%%)- _&_;_E._

Similarly to continuum flow we may introduce porosity and the tortuosity

factor, so that

wa-%q"%_i_‘ r.tn 'ﬁ";:'ﬂ (18)

Por the transition regims Schiedegger (21) suggests combining Bqs. (17)
and (18) in the form

w--d B la g2l fth 4R @9
A f Je 3‘/5‘ R(re+7s) S
where 2 i3 a proportionality factor called the Adsum! constant and is
approximately 0.9 for a single gaes.

For the case of small total pressure gradients butween the exterior
surface and the subliming interface, it is ressonable that both nydrc-
dynamic flow and diffusion are significant, Por this type of flowv the
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superposition is valid and the hydrodynamic end diffusion equations may
be edd~d.

3.3.4 Subliming front velocity ard drying time

Equation (10) describes the heat flow tu the subliming interface
and Eqs. (12), (17), (18) and (19} describe the vapor flow from the sub-
liming front for the diffusional, hydrodynamic continuum, free molecule
and transition regimes, respectively, The vapor flux and heat flux
equations may be coupled by an enthalpy balance at the subliming inter-

face.
g = - WZ— (20)

where L is the latent heat cf sublimation. It is also recognized that

the equations are coupled through the relationship between Ts and Pg-

This latter relationship may be put into mathematical form through the
Clausius-Clapeyron equation. If we can estimate the temperature of the
sublining interface and assume that the solid volume {s negligible in
comparison with the vapor volume, that the vapor behaves as a perfect

gas, and that our estimate of the subliming frou temperature is sufficient
accurate that variations in latent heat are negligible, the Clausius-
Clapeyron equation may be integrated to give

R =4 oo h(r ~ F)]

vhere Tl is our estimate of the interface temperature and P, is the
corresponding vapor pressure.

The subliming intcrface velocity may be described in terms of
the vapor flux

ads . _ W (22)
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where m 1is a pseudo density, a measure of the mass of ice per unit
volume of frozen product.

With the aid of Bq. (20), (21) and (22), the heat and vapoxr flow
equations may be coupled to give the subliming front velocity in terms
of the partial vapor pressure at the exterior surface for each of the
vapor transport regimee as follows:

(a) Diffusion regime

-’(ﬁ)a_ 25.]';‘%’— e Z/:L{’b“"-’qapp(/-”jﬁ - ;:)]}z I

(b) Combined diffusion and hydrodynamic continuum regime

se(i_g_)z_asj %#%P“-/e aﬁ[;v("”/'ﬁf - 77_:‘)]}

* & ofal-Alew [P‘”(/'-%"E ) '-?ZL)J} -

(¢) Hydrodynamic slip flow regime

SBF - 5T oy o5 N D) (A penlr(

(d) Hydrodynsmic free molacule regime - %’)_Zj = O g
st (2‘3’)‘-2--{ # » 5—/;’ Y {R‘-/é""f’ [a”(/w,' -4 )]?:

Wiere . Tk )
1« ZEp M= Bt
= ‘L Y a
V: ot Pish £

It is assumed that the diffusivity 13 inversely proportional to the total
pressure, thus,

ol
D .
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I1f experimental data will verify that (Ns %% ) is small with respect
to 1, the foregoing equations mey be simplified and integrated to give
drying times directly. Further, for a temperature difference of 100° ¢
between the exterior surface and the subliming interface, the axponential
term approximates unity and the following results may be obtained for
the drying time To of a slab at thickness Se¢ .

(a) Diffusion regime

Sa

o
W

2 {d+/Trm Bpae) )

(b) Combined diffusion and hydrodynamic continuum regime

2
F = So

2{d+/T+M (Lotee)r & o (P

(c) Hydrodynamic slip flow regime 2
Se

-,
-
4

Lo ?ﬁ*/ﬂ'*(i'z +$ /2 A 2)p(k-A)

(d) Hydrodynamic free molecule flow regime

2
to" S‘

s—

e {4+/.1+§/;; NQ(LE-L5)

-’

The respective regimes have been chosen in the order in which they may
be expected to occur with decreasing total pressure. It is interest-
ing that this analysis agress with the observation made by Harper and
Tappel (18) that drying times are proportional to the squire of the
thickness. The results also indicate that drying times may be progresas-
ively shortened by decreasing the total pressure. It is important to
note that for low total pressures, the total pressure is approximately

equal to the vapor pressure and hence governed by the condenser system.
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Bxperiment will be necessary to verify the validity of the assumad drying
regimes and to delineate the ranges of total pressure in which each is
valid. Experiment is also necessary to extend the data on the proper-

ties of frozen and dried foodstuffs.
3.4 EXPERIMENTAL INVESTIGATION

3.4.1 Apparatus and instrumentation

Transient temperature and pressure distributions during the freeze
drying of meat can be measured with the equipment shown in Fig. 9. Samples
are placed in a drying cabinet which is a two-foot steel cube and is
evacuated by a 30 cfm compound mechanical vacuum pump. A trap type con-
denser containing dry ice and acetone is placed between the cabinet and
the pump. This apparatus provides good conditions for vapor flow so that
only a small pressure difference exists between the sample and thc con-
denser. Heat i{s radiated to the meat from an electrically heated panel
located near the top of the cabinet. Tﬁc panel is coated with a substance
of known emissivity so that accurate heat transfer calculations may be made.

Because of the very slow rate of drying, it is necessary to use
samples that are less than two inches thick. As a result, it {s necessary
to use very small pressure and temperature probes so that they will have
a mirimal effect on the process. Therefore, the tesperature probes are fine
thermocouples wvhich are thresded through the mcat witch a long needle. The
output of each thermocouple 1s measured with a potentiometer. The
pressure probes are made of hypodermic tubing and are connected to a
manifold which in turn is connected to an alphatron vacuum gauge as
shown in Pig. 9. The pressure sensing circuit is designed for minimum
volume. To minimize the response time of the pressure circuit, the lowest
pressure is recorded first so that each msasuremsnt will "come up” to the
reading. Both the pressure and temperature probes are installed in the
samples before freezing.

3.4.2 Preparstion of samples

The samples are carefully cut o preserve a uniform grain direction




from top to bottom and to insure essentially one dimensional drying with
the subliming interface remaining almost plane. The direction of the fiber:
and fatty inclusions have a marked effect on the rate and direction of
drying. Obtaining a sample of significant size snd uniform grain direction
is not a well defined technique. However, the combination of aluminum

foil shielding and judicious cutting of the sample yields a one-dimen-
sionzl freeze-drying situation, without resorting to outsized samples

or using excess meat for thermal guarding at the sides.

Dissection of samples after drying revials no deleterious effects
on the drying process caused by the thermocouples immersed in the product.
No local melting or drying is detected along the paths of the thermo-
couple wires,

There is little indication that the pressure probes markedly aff~ct
the drying process. Dissection of samples after partial drying reveals
no local drying or melting around the probe heads. However, some local
drying to a depth of approximately 1/4 inch is found around the tubes
at the outside surface of the sample. Evidently, the probes conduct
heat part way into the product and provide a path around their outer
surfaces for the vapor efflux. This result clearly sets a lower limit
to the probe immersion depth.

3.4.3 Temperaturs and pressure distribution

The transient temperature distribution during freeze dryiug is
given in Fig. 10. The heater temperature remained close to 210° F
during the entire experiment; the chamber pressure remained close to
100 microns. The position of pressure probes used to measure the
transient pressure distribution throughout the sample is given in Fig.
11, The pressure distribution is given in Figs. 12 and 13,

The reliadility of the pressure measurements is questionable.

The {nconsistencies are attributed to two factors. Pirst, condensate
becomes entrained in the probes and cornecting lines during transfer

of the meat samples from the freegzer to the dryer., Without extensive
pumping of the probe lines, it is difficult to be sure that one {s not

reading the vapor pressure of the condensate at some unknown temperature.
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Second, each probe line and the manifold had to achieve pressure equil-
ibrium for each reading. Because the system approaches this equilibrium
very slowly, a slight leak in the manifold or exterior lines could mask
the stabilization to a degree that almost any reading could be obtained
at any station. A solution to the above difficulties would be to re-
place the present system of valves which are used to permit one vacuum
gauge to measure pressures at many points. By replacing this system
with a syster employing a separate vacuum gauge for each position that
the pressure is measured, the accuracy will be improved considerably.
It also would seem advisable to provide a means to pump out the probes
and sensing heads after the probes are frozen in the sample

Due to experimeatal difficulties, it was not possible to obtain
sufficiently accurate pressure measurements to warrant a detailed
analysis of the data., It is expected, however, that this work will
be continued in the future, and that accurate experimental measuremsnts
will be made.




3.

4,

5.

6.

7.

8.

9.

10.

REFERENCES

Schmidt, BE. "Heat Radiation of Technical Surfaces at Ordinary Temp-
erature™. BEIHEFTE ZUM GESUNDHEITS-INGENIUR, 1, 20, 1927.

Buckley, H. "On Radiation from Inside of a Circular Cylinder”.
PHIL. MAG, 17, 576, 1937,

Daws, L. F. "The Emissivity of a Groove®. BRIT. JR. APPL. PHYS,
5, 182, 1954.

Rossman, M. G. ™Radiation from a Hollow Cylinder'. BRIT. JR. APPL.
PHYS., 6, 262, 1955,

Snyder, N. W., J. 7. Gier, and R. V. Dunkle. ™lotal Normal Emissivity
Measurements on Aircraft Materials between 100° and 800° P". TRANS.
AM, SOC. MBCH. ENG., 77, 1011, 1955.

McAdams, W. H. HEAT TRANSMISSION. McGraw Hill, 476, 1954.

Kline, S. J. and F. A. McClintock. “Describing Uncertaianties in
Single Sample Bxperiments”. MECH. ENG,, 75, 3, 1953.

Mbery, J. H. and E, Griffiths. ™Thermal Prcperties of Meat".
JR. SOC. CHEM. IND. 52, 326, 1933.

Hardy, J. D. and G, P. Scderstrum., "Heat Loss from the Nude Body and
Peripheral Blood Plow at 22-35°C". JR. NUTRITION 16, 493, 1938.

Tappel, A. L., A. Conroy, M. R, Emerson, L. W. Regier and G. F. Steward.

"rreeze Dried Meats, Preparations and Froperties”. FPOOD TECH, 9, p. 40)
1955.

-32-




11,

12,

13.

14.

"5‘

16.

17.

(8.

,9Q

20.

21.

22.

Cherneeva, L. I. "Study of the Thermal Properties of Foc istuffs¥,
(Report of VNIKHI) Gostorgisdat, Moscow, 16 pages, 1956.

Harper, J. C. and C. O. Chichester. "Micro-wave Spectra and Physical
Characteristics of Pruit and Animal Products Relative to Freeze-
dehydration™. FINAL REPORT, Contract No. DA 19-129-QM-1349, Univ-
ersity of California Agricultural Engineering and Food Technology
Departments, Davis, California, 1960.

Lentz, €. P. "™Thermal Conductivity of Meats, Fats, Gelatin Gels,
and lce™. FOOD TECH. 15 No. 5 Page 243, 1961.

Miller, H. .. THE MEASUREMENT OF THERMAL CONDUCTIVITY OF BEEF. MNM.S.
Thesis. Northwestern University, Evanston, Illinois, 1961,

ASTM Designation C177-45T. ™Method of Test for Thermal Conductivity
of Materials by Mpans of a Guarded Hot Plate®™. BOOK OF ASTHM STANDARDS
Fart 3, Page 1084, 1955.

Wocaside, W. and A. G. Wilson. ™Unbslance Errors in Guerded Ho: Plate
Messurements™. ASTM SPECIAL TECHNICAL PUBLICATION NO. 217, p. 32, 1957.

Long, R. A. R. "Some Thermodynamic Properties of Fish and their
Etfect on the Rate of Preezing™. JR. 8C. FOOD AGR, 6, p. 621, 1955,

Harper, J. C. snd A, L. Tappel. ‘'Wreeze-Drying of Poodstuffs™,
ADVANCES IN POOD RESEARCH. Vol. 7, Adudemic Press, 1957.

Luyet, B. J. American Poundetion for Biological Research,™keport i",
Guartermaster Corps FPood and Container Instifute, September, 1959,

Glaser, H. "Thermal Conductivity und Diffusion of Water Vapor in In-
suiating Materials™, KALTETECHNICK 10, March, 1958,

Scheideggar, A. E. THE PKYSICS OF FLOW THROUGH POROUS MEDIA.

Macmillan, P. 68, 1957,
Jakob, M., HEAT TRANSFER. 1, Wiley, 1939,

«33-




&«

(W

7 BODY
- THERMOCOUPL

—
u)
-4
([
D
O—
N\
\.

\\&%\\\\N\\\

NN

JZZZ&&QZZZ&:

~>-BAFFLES

-—DETECTOR

.'_“LET

’

\\\\\\\\\

—INSULATION
——= OUTLET

-l [y p—y}
4 o
a0 w =z = 5
32 #38 8 3
w W WH o o @
4 =0 T b 3 X
- a unJ (' ©
g 3 -0 2 Py o
w aq 22 & T 3
O O\E = - @
f |
/
/ / \ /

‘ [N SANT S S A NSNS SNSRI S S S CC S YRS U O U O SN

? _\\\\\\\\\\\ (it it

L]
«
,, .
T
Pe

T S ———————————————————T @ T AT ST

AN

P .

w, %\\\\\\\\\\A\\\\N\\\\\&\N\\\\\\\\\\\\\\\\\x\\\\\

ASAAAINS AN NIN S NARANANAANENNY

INLET

r”\v \
awv\,

A
A
A
A
DN

E
5
8
i
.
3
y
g
3
c

FICURE 1.

- e . AN



__HOLLOW COPPER
-~ CYLINDER

__EPOXY RESIN
= SUPPORT

THERMOPILE
~-—" WITH EIGHT
JUNCTIONS

COPPER DISKS

-3 -




100 ™ Tick Coat of Lompblock - Waterglass, |
Schmldf (d)) 4 |
.» &
Asbestos Poper d’ | - |, Asbestos
" McAdoms, (& 1 ' ’ Paper ;
90r————~*—-~-- ~——1— R Bt S
- Symbols Used for Expenmemal Data:
- t Asbéstos Paper | ;
s -~Lompblack - Waterglass |
@ | o----Lean Beef Muscle | f
£ | o----Beef Fot | |
w i ol ----- Freeze Dried Beef , '
4 | |
80} Y ] Beef Faf - |
| / | ee
| . T
70

60 70 80 90 100
Temperature, °F

FIGURE 3. EMISSIVITY AS A FUNCTION OF TEMPERATURE

e 38 -




PIPING FOR

COOLING FLUID
N
/-—-coouwe PLATE
yd
P _—MEAT SAMPLE
¢ ~
f

P N
- === \-MEAT SAMPLE

N\_COOLING PLATE
HOT PLATE ASSEMBLY

PIGURE 4

- 37 -




b..

Oov i e of A C¢ Gl Oi S (o)
: ‘ o)
ﬁ i
U S 11]!‘.?!!. —.
SN S T SR — Y
_ )
ST AN S S I i %0
]
A HILVM X S 69 —
\(t~wo 'ONVINIONNS B ¥3TUN_ |
R . _
/ (€1)1v4%6°0 ‘NILVM X SL ‘ZINIT]
/
/ o'l
(£ ) 'N10S 17VS N820 .m"._o.. =2
|
L Z2) 391 ‘eoNvr —
]
1'.—

"ALIAIINNANOD TIVWY3HL

de W /Mg

—.ry—' P APy

. ———

- P E——



- 3

T7 777 777

A A -

A
- e

| T124

£16. 6 . ONE DIMENSIONAL THERMAL CONDUCTIVITY
MODEL FOR MEAT

PIC. 3. ANALOG OF HEAT FLOW PATHS THROUGH
STRUCTURAL MODEL FOR MEAT

-39 -




Tsh~
~
™ ~_ %/.___ __PRESSURE
~
\/
7 ~
/ o
~ U _ _ _ TEMPERATURE
- TF _________
R

P
/ 77/ /7 T 7L 7 T
TR T

/

/// ////// / /’,’ A/

) \z\ ’ _‘ -\‘1\‘ Y\
AT _FLUX YA R Vi R

e ORIED FROZEN

ONE-DIMENSIONAL FREE ZE -DRYING
WITH RADIANT HEAT ADDITION

FIGURE 8.




)

( aladia

ANOAVYTT ONIEUNSVIN IINSSAVS OILVIIIHOS

IonNnvo

NOULVHI TV

&= MN0Td WOdVA

WISNIANOD

“ H3ILVIH

LINIGVD ONIAMA

-4l -




Orstane o Srom £

-~ 42 .

i 6"’ fQC.‘ /}'

m




0”/0 clrc.:
O; < ~
Shoneyre

FICURE 11. PFROER ORIFICE ARRANGEMENT VITHIN SAMPLE
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